Inositol trisphosphate and diacylglycerul as intracellular second messengers in liver. Am. J. Physiol. 248 (Cell Physiol. 17): C203-C216, 1985.-Receptor occupation by a variety of Ca2+-mobilizing hormones, such as al-adrenergic agents, vasopressin and angiotensin II, causes a rapid phosphodiesterase-mediated hydrolysis of phosphatidylinositoL4,Sbisphosphate in the plasma membrane with the production of the water soluble compound myo-inositol-1,4,5-trisphosphate (IPS) and the lipophilic molecule 1,2-diacylglycerol (DG). This review summarizes the recent evidence obtained in the liver that defines the roles of these products as intracellular messengers of hormone action. Intracellular Ca2+ mobilization is mediated by IP3, which releases Ca2+ from a subpopulation. of the endoplasmic reticulum, resulting in a rapid increase of the cytosolic free Ca2+ concentration ([Ca"];). Further effects of receptor occupancy are inhibition of the plasma membrane Ca'+-ATPase, despite net Ca2+ efflux, and an increased permeability of the plasma membrane to extracellular Ca2+. The activation of the phospholipid-dependent protein kinase C by DG does not alter Ca2+ fluxes across the plasma membrane. In contrast to some secretory cells, a synergism between protein kinase C activation and increased [Ca2+]; is not observed in liver. Activation of protein kinase C profoundly inhibits the response to cul-adrenergic agonists, with only minimal effects on the vasopressin response, It is concluded that in liver the two inositol-lipid messenger systems, IPs and DG, exert their effects by essentially separate pathways.
SINCE PUBLICATION
of our previous review on the rule of calcium in the hormonal regulation of liver metabolism (log), significant advances have been made in understanding the mechanisms by which hormones cause a rise of ifitracellular Ca2+ and elicit a variety of functional responses that alter the metabolic state of the tissue. These rapid functional responses, which include an activation of glycogenolysis, gluconeogenesis, and pyruvate dehydrogenase, an inhibition of glycogen synthase and secondary increases of respiration, K' efflux and pyridine nucleotide reduction, all appear to arise directly or indirectly from alterations in the degree of phosphorylation of key regulatory enzymes brought about by Ca2+-sensitive protein kinases and phosphatases (27, 38, 62, 109) . It has recently become apparent that the receptors that act predominantly through Ca2', notably the catecholamine al, histamine H1, vasopressin VI, Shydroxytryptamine, and the muscarinic cholinergic receptor, probably exert their effects through changes in the metabolism of inositol lipids, with the production of metabolic intermediates that act as second messengers to elicit a variety of further responses (6). Thus it is now clear that cyclic AMP is but one of a series of intracellular second messengers that function as transducing agents to relay information from the external cell surface to intracellular enzymes for the purpose of modifying cell function and growth. Two recent advances have expanded knowledge of intracellular signaling mechanisms. The first of these was the discovery of a Ca2'-and phospholipid-dependent protein kinase, termed protein kinase C by Nishizuka (76), which has a greatly increased affinity for Ca2' and enhanced activity in the presence of diacylglycerol. The second advance was made by the demonstration that myo-inositol-1,4&trisphosphate
(IP,) causes Ca2+ release from a vesicular nonmitochondrial Ca2+ pool (18, 50, 101) and has the attributes of a Ca2+-mobilizing second messenger. Diacylglycerol and IP3 are produced concomitantly from phosphatidylinositol-4,5-bisphosphate (PIP,) by the action of a phosphodiesterase (phospholipase C), which is activated when receptors are occupied by the various Ca2+-mobilizing hormones. The increase of cytosolic free Ca2' induced by IP3 subsequently gives rise to a variety of effects through action of Ca2+-calmodulin-dependent protein kinases as well as by direct modulation of enzyme activities (85) .
In this brief review we will focus discussion on the mechanism by which hormones mobilize Ca2+ in liver, since our research efforts have been largely devoted to this tissue and because a number of uncertainties and C204 ambiguities appear to have been satisfactorily resolved since previous reviews on this topic (37, 109). However, many similarities exist between liver and a variety of secretory cells in the basic events leading from hormonal stimulation of PIP2 breakdown to IP3 formation and intracellular Cazf mobilization, and some of the observations discussed here have also been made almost simultaneously by a number of groups working with different cell types (8). Taken together the various studies support and establish the fundamental role of IP3 as a Ca*+-mobilizing second messenger.
Receptor-Mediated Breakdown of Polyphosphoinositides
An early but historically very intuitive hypothesis by Michell (70), concerning the role of hormone-induced phosphatidylinositol (PI) breakdown and resynthesis (the LLPI cycle") as a common initiating event for Ca2+ mobilization in many tissues, underwent later modification (71) to include the possibility that breakdown of PIPZ, rather than PI turnover, was the primary event. In liver PIP2 represents -1% of the total inositol lipids, and further studies have confirmed that the breakdown of PIP, occurs earlier and more rapidly than that of PI (31, 104). A summary scheme, showing the major reactions currently thought to be operative in linking PIP2 breakdown to intracellular calcium mobilization, is given in Fig. 1 . Two types of enzymes are known to cause a hydrolysis of PIP2 (46); a phosphomonoesterase (step a), which cleaves the phosphate in the five position of the inositol ring to give phosphatidylinositol-4-phosphate (PIP) as a product, and a phosphodiesterase (phospholipase C), which is activated by receptor occupancy and hydrolyzes PIP2 to produce diacylglycerol and IP3 (step e). PIP is thought to be metabolized further by phosphomonoesterase activity to PI (step b), although it is also a substrate for the phosphodiesterase. Resynthesis of PIP and PIP2 occurs by the ATP-requiring enzymes PI kinase (step c) and PIP kinase (step d). IP3 activates the release alpha agonist WILLIAMSON, COOPER, JOSEPH, AND THOMAS of Ca2+ from an intracellular storage site and is hydrolyzed by a specific phosphomonoesterase to myo-inositol-
1,4-bisphosphate (IP,) (step f). This enzyme has been
shown to reside predominantly in the plasma membrane of hepatocytes (50a, 93) and erythrocytes (36, 44). IP2 is subsequently hydrolyzed to inositol-1 -phosphate, which in turn is hydrolyzed to myo-inositol by a Li+-sensitive phosphomonoesterase (IO, 43). Diacylglycerol is metabolized to phosphatidic acid (PA), which is subsequently transported to the endoplasmic reticulum by an exchange protein where it is converted to PI and transported back to the plasma membrane by a PI exchange protein (reviewed in Ref. 6).
To establish that polyphosphoinositide breakdown is a causative event for Ca2+ mobilization and tissue functional responses, a number of criteria must be met to show that it is not secondary to Ca2+ mobilization. The most important criteria are as follows. 1) Phosphodiesterase-catalyzed hydrolysis of polyphosphoinositides should be linked to receptor occupancy. 2) Breakdown of PIP2 should occur in the plasma membrane. 3) Breakdown of PIP2 should precede and be independent of the rise of the cytosolic free Ca? 4) PIP2 breakdown and IP3 formation should show a similar sensitivity to hormone concentration as that for the increase of the cytosolic free Ca". 5) It should be shown that a metabolite associated with PIP2 hydrolysis is able to augment the cytosolic free Ca2+ from a defined intracellular storage site, with a sensitivity compatible with its production in the intact cell. Within the past year considerable evidence has been obtained with isolated hepatocytes and subcellular fractions to substantiate most of these criteria, at least with vasopressin as the Ca2+-mobilizing hormone.
Recent studies by Seyfred and Wells (95, 96) have provided new evidence to help substantiate the first two criteria. In their studies, when hepatocyte phospholipids were prelabeled with 32Pi followed by homogenization and differential centrifueation to obtain mrified subcel- to become activated at the prevailing cytosolic free Ca2+ concentrato threefold greater than control after -5 induced by vasopressin are compared with the time min. In Fig. 2 the time courses for PIP2 breakdown and course of cytosolic free Ca2' increase measured directly IP3 formation been observed on addition of al-agonists and angiotensin II to liver plasma membranes (l7), this may be a consequence rather than the cause of PIP2 breakdown. Recent studies using pertussis toxin with neutrophils have provided evidence suggesting that a GTP-binding protein may play an essential role in the regulation of the stimulus-induced mobilization of intracellular Ca2+ and/or plasma membrane Ca2+ permeability (71a, 77a). However, pertussis toxin pretreatment of hepatocytes has no effect on the al-adrenergic-mediated increase of the cytosolic free Ca2+ measured with Quin 2 (unpublished experiment), and the possible involvement of a G-protein in receptor-mediated activation of phosphodiesterase in liver remains an open question.
Studies with isolated hepatocytes incubated with 32Pi (31, 104) showed that the incorporation of 32P into PA, PIP, and PIP2 closely paralleled the labeling of the yphosphate of ATP and reached isotopic equilibration with these phospholipids (but not PI) within 90 min. This incorporation of 32P into the four and five positions of the inositol rings of the phospholipids reflects phosphate turnover by action of the PIP and PIP2 phosphomonoesterase and PI and PIP kinases. PIP kinase has been shown to be located primarily in the plasma membrane (94), while PI kinase was found in highest specific activity in Golgi-enriched subcellular fractions of rat liver (48), suggesting a rather complex intracellular distribution for synthesis of the inositol lipids. Addition of vasopressin, angiotensin II, and al-adrenergic hormones to hepatocytes prelabeled with 32Pi caused a rapid breakdown of 20-50% of the 32P-labeled PIP and PIP2, with minimal values being reached within 15-20 s followed by using Quin 2 and indirectly by the resultant activation of phosphorylase. It is clear that significant PIP, hydrolysis to yield IP3 occurs rapidly enough to cause Ca2+ mobilization, although with high doses of agonist an excess of IP3 can be generated (see below).
Comparison of the rates of polyphosphoinositide breakdown, formation of inositol phosphates, and PI turnover has provided further evidence that the major substrate for the hormone-stimulated phosphodiesterase is PIPZ, with the other inositol lipid changes being largely secondary to increased PIP2 resynthesis. Simultaneous measurements of PIP2 breakdown and IP3 production showed that, while the initial rates were similar, r3H]IP3 continued to accumulate even after the [3H] PIP2 content had declined to a minimal va lue, i ndicatin .g that a new steady-state rate of PIP2 breakdown and resynthesis was achieved (103). After -5 min of hormone stimulation, the rates of PIP and PIP2 resynthesis became greater than their rates of breakdown, and the polyphosphoinositide contents gradually returned to control values. It may be noted that if the initial fall of PIP levels is caused mainly by ATP-mediated phosphorylation to PIP2, the PIP kinase would seem to require some specific activator to counter the effect of a fall of substrate concentration with an increase of flux through the enzyme. One possibility that remains to be explored is that PIP kinase may be regulated by phosphorylation.
Experiments to determine whether phospholipase C is dependent on a certain minimal Ca2+ concentration or, alternatively, is regulated by a rise of the cytosolic free Ca2+ have involved use of Ca2+ ionophores with hepatocytes incubated in the presence of Ca2+ or use of Ca2+- depleted cells. Addition of A23187 to hepatocytes incu-A major criticism that has been raised (88) to refute bated in the presence of normal extracellular Cazf caused the postulate that PIP2 breakdown is a primary event in an activation of phosphorylase and an increase of the the mobilization of Ca" and stimulation of hepatic glycytosolic free Ca2+ but had no effect on PIP2 breakdown cogenolysis by Ca2+ -dependent hormones concerns ap-(31, 104) or production of inositol phosphates (103). parent differences in the dose-response relationships beFurthermore, addition of relatively low concentrations tween polyphosphoinositide metabolism and Ca2+ mobiof A23187 to hepatocytes 4-5 min before vasopressin did lization, the latter being -50-fold more sensitive than not influence the vasopressin effect on PIP and PIP2 the former. Thus at low (10-l' to lo-' M) concentrations breakdown (104) . Earlier studies which showed that of vasopressin or angiotensin II, phosphorylase is almost A23187 and uncoupling agents inhibited the effects of fully activated without a detectable breakdown of PIP2 vasopressin on PI breakdown (82) can probably be ex-(31, 88). This problem has been addressed in detail by plained by ATP depletion of the hepatocytes, since both Thomas et al. (103, 104) who measured the initial rates PI turnover and sustained polyphosphoinositide breakand maximal extent of the vasopressin-induced changes dcwn is energy dependent at the steps of diacylglycerol of PIP2 breakdown, IP3 formation, cytosolic free Ca2+ kinase, CTP:PA cytidyltransferase, PI kinase, and PIP and phosphorylase a activity. It has been recognized for kinase. However, severe depletion of the hepatocyte cal-some time that with vasopressin as agonist maximal cium content to -1 nmol/mg cell dry wt by incubation phosphorylase activation occurs in liver with only a small of cells for long periods in the presence of ethyleneglycolproportion of the vasopressin receptors being occupied bis(p-aminoethylether)-N,N'-tetraacetic acid (EGTA) (56). It is now apparent that with higher receptor occucompletely prevents the effects of vasopressin on phos-panty there is an overproduction of IP3, beyond that phorylase activation and PIP2 breakdown (88, 104). On required for maximal Ca2+ mobilization (103). This exthe other hand, if the normal hepatocyte calcium content plains the data shown in Fig. 2 where IP3 levels continue of 4-5 nmol/mg dry wt is decreased by about half, the to increase even after cytosolic free Ca2+ and phosphobreakdown of PIP2 is not affected (40, 104). These findrylase activity have attained maximal levels. On the other ings are in accordance with the known minimal Ca2+ hand, the vasopressin concentration-response curves for requirement of phospholipase C for activity (35, 96) . At the initial rates of increase of IP3 production and cytopresent it is not clear whether there is a Ca2+ dependence solic free Ca2+ and the initial rate of breakdown of PIP2 of other enzymes of polyphosphoinositide metabolism or were all very similar, with half-maximal effects at -5 x whether prolonged EGTA treatment also causes deplelo-' M vasopressin (Fig. 3 ). This presumably reflects the tion of other divalent cations, e.g., Mn2+, Fe2+, and Zn2+, fact that the increase of IP3 concentration achieved in that might be essential for the normal hormonal re-the first few seconds of vasopressin action is sufficient sponse. In summary, although phospholipase C requires to elicit Ca2+ release. Half-maximal effects on the rate a certain minimal Ca2+ concentration for activity, breakof phosphorylase activation were observed at a considdown of polyphosphoinositides is clearly not a secondary erably lower vasopressin concentration that those for event to an increase of the cytosolic free Ca2?
rates of increase of cytosolic free Ca2+ and IP3 formation, possibly because phosphorylase activation is nonlinearly dependent on the cytosolic free Ca2+ concentration. Thomas et al. (103) have calculated that by the time the cytosolic free Ca2+ reaches its maximal value after vasopressin addition to hepatocytes, the intracellular IP3 concentration is increased by only 0.6 PM, compared with a maximal increase of 1O PM with a near maximal vasopressin concentration of 20 nM.
In contrast to the effects of vasopressin in generating IP3 in excess of its requirements to elicit Ca2' mobilization, maximal al-adrenergic stimulation of hepatocytes results in only about a 50% maximal increase of IP3 (A. P. Thomas, unpublished results), despite a similar rate and extent of increase of the cytosolic free Ca2' (25,105). The number of vasopressin receptors is considerably higher than that of al-adrenergic receptors in hepatocytes, and the maximal rate of PIP2 breakdown with crladrenergic stimulation is about twofold slower than that with vasopressin (unpublished results). It has been calculated that the increase of IP3 that coincides temporally with peak cytosolic free Ca2' elevation is only lo-15% above the control, with all concentrations of vasopressin sufficient to produce a maximal increase of the cytosolic free Ca2+, although the time taken to reach peak Ca2" decreases with increasing vasopressin concentration (103). Thus only a small absolute increase of IP3 appears necessary to elicit maximal mobilization of intracellular calcium. Most of the basal IP3 in nonstimulated cells may be bound to proteins or otherwise unavailable for producing its biological effect. It is possible that a localized increase of IP3 near the plasma membrane and adjacent to the subcellular structures responsible for Ca2" release is all that is required to cause a maximal increase of the cytosolic free C a2+. Consequently, the sm all accumulation of IP3 with cwl-adrenergic stimulation appears to be sufficient to cause maximal Ca2" mobilization.
With further improvements of assay techniques for measurement of the changes of biologically active IPa, it should be possible to clarify further the quantitative relationships between tissue IP3 content and its effects on intracellular Ca2+ mobilization.
Recent studies with rat parotid glands (47a) have indicated that the predominant C3H]IP3 that accumulates in glands prelabeled with [3H]inositol and stimulated with carbachol for 15 min is not D-myo-inositol-1,4,5-trisphosphate but is probably DL-myo-inositol-1,3,4-trisphosphate.
It is not presently known if this latter inositol trisphosphate isomer has biological activity. Nevertheless, in guinea pig hepatocytes it has been ascertained that all of the inositol trisphosphate formed in the 1st 10 s after agonist addition is the biologically active myo-inositol-1,4,Strisphosphate isomer (G. .M. Burgess and J. W. Putney, personal communication).
Intracellular Calcium Mobilization
Early concepts of the mechanism of phosphorylase activation by the Ca2' -mobilizing hormones tended to focus on the openin ,g of a plasma membrane Ca2+ gate as a result of receptor occupancy. However, a primary role for a hormone-induced increase of Ca2' entry into the cell was made untenable by the observation that aladrenergic agents and vasopressin produced a rapid increase of phosphorylase activity when hepatocytes are incubated in the absence of extracellular Ca2+ (15, 52). It is now evident that the overall action of al-adrenergic agents and vasopressin in bringing about an elevation of cytosolic free Ca2+ involves three phases of Ca2+ flux: 1) a rapid transient release of Ca2+ from an intracellular compartment,
2) an inhibition of Ca2+ transport from the cell, and 3) a sustained influx of Ca2+ across the plasma membrane.
Until recently the source of the intracellular calcium pool responsible for the initial increase of the cytosolic free Ca2+ and the mechanism of the Ca2+-release process were not known. Various studies have presented evidence showing that the increased cytosolic Ca2' was derived largely from the mitochondrial pool (13, 72), nonmitochondrial pools (55,97), or both (52). With the exception of the plasma membrane as the site of intracellular Ca2' release, mobilization of Ca2+ from an intracellular organelle requires the intervention of a second messenger to communicate the signal from the plasma membrane hormone receptor to the intracellular locus of action. The fact that phosphatidylinositol metabolism seemed to be closely correlated with the Ca2+ mobilization led to suggestions that inositol-l-phosphate or inositol-1,2-cyclic phosphate might be candidates for a second messenger, but further studies showed that they were inactive in causing Ca2+ mobilization (47) . On the basis of various in vitro studies reviewed elsewhere (37, 109), other possible candidates such as PA, arachidonic acid, certain prostaglandins, leukotrienes, and lysophosphatidylinositol have been proposed. However, as evidence accumulated from a number of different cell types (1, 7, 9, 60, 71, 84, 91) that hydrolysis of the phosphodiester bond of PIP2 represented one of the earliest measurable events of receptor activation, the most promising candidate for the putative Ca2+ -mobilizing second messenger was the water-soluble product, IPa.
Streb et al. (101) first showed that addition of IP3 to "leaky" pancreatic acinar cells caused a rapid release of Ca2+ followed by a slower rate of Ca2' reaccumulation. IP2, IP, inositol-1,2-cyclic phosphate, and myo-inositol C208 were inactive. Studies with saponin-permeabilized hepatocytes (18, 50, 103) showed that IP3 caused a release of Ca*' only from a nonmitochondrial intracellular vesicular calcium pool with half-maximal and maximal effects at 0.1 and 0.5 FM, respectively. Thus the amount of IP3 giving maximal Ca2+ release in this permeabilized cell system is very similar to the calculated concentration required in intact hepatocytes to obtain a maximal increase of cytosolic free Ca2+ (103). Figure 4 was preloaded into nonmitochondrial ATP-dependent Ca2' pools in the presence of ruthenium red to inhibit mitochondrial Ca2+ uptake, while in the lower trace ruthenium red was omitted, and no ATP was added. Addition of IP3 only caused release of Ca2+ from the permeabilized cells if the nonmitochondrial pool, which is assumed to be endoplasmic reticular, had previously been allowed to accumulate calcium (Fig. 4A) , while no IP3-mediated Ca2+ release was observed from the mitochondria when the endoplasmic reticular Ca*+ pool was empty (Fig. 4B) . The maximal amount of Ca2+ release induced by IP3 amounts to -0.5 nmol/mg cell dry wt, and the maximal rate of Ca2+ release is 0.2-0.4 nmol/mg dry wt's. The time required to cause Ca2+ mobilization after vasopressin addition to intact hepatocytes (Fig. Z) and that taken by IP3 to cause Ca*' release from permeabilized cells (Fig. 4A) are thus fully compatible with the postulated role for IP3 in the action of vasopressin.
Further studies with permeabilized hepatocytes (S. K. Joseph, unpublished experiments) or neutrophils (81) have shown that the IPs-induced Ca2' release was independent of the Ca2+-ATPase uptake process, since this could be inhibited by vanadate without inhibiting Ca2' release. This effect is illustrated in stantial amounts of calcium as shown by the Ca2+ release observed on addition of A23187. This and similar experiments show, first, that IP3 is able to release only 25-50% of the total calcium content of the endoplasmic reticulum pool, suggesting that a specialized region of the overall reticular system contains the IP3-binding sites, and, second, that separate mechanisms exist for Ca 2+ uptake and release from this pool. The 
Attempts to prepare purified vesicles, by subcellular fractionation of rat liver, capable of releasing Ca2+ on addition of IP3 have met with only partial success (32, 50). Addition of IP3 to a homogenate of rat liver causes a release of Ca'+, and Ca2' release is also obtained from crude mitochondrial fractions that are heavily contaminated with endoplasmic reticulum under conditions when mitochondrial Ca2' uptake and release is inhibited. Joseph et al. (50) observed no effect of IP3 on a purified microsomal preparation derived from high-speed centrifugation of a postmitochondrial supernatant or from purified plasma membrane vesicles and mitochondria, although Dawson and Irvine (32) obtained small effects of IP3 with a purified microsomal fraction of rat liver essentially free of mitochondria.
The difficulties that have been encountered in obtaining a purified preparation of microsomes that release substantial amounts of Ca2+ in response to IP3 result largely from problems of cosedimentation of the active endoplasmic reticulum fraction with heavier organelles and subsequent loss of activity on further purification.
In contrast, a relatively pure microsomal preparation isolated from Syrian hamster insulinomas released a relatively large amount of Ca2+ in response to IP3 (51). Similar results have also been obtained by Prentki et al. (80) with microsomes isolated from rat insulinomas.
Further studies with microsomal fractions enriched in an IP3 "receptor" should allow the Ca2+ release mechanism to be studied in detail. Other techniques, such as electron probe analysis (99) and fluorescence microscopy of chlortetracycline Ca2+ binding (24), may permit localization of the specialized IPSmediated Ca2+-release structures in the intact cell.
Regulation of Plasma Membrane Ca"+ Fluxes
After the initial phase of intracellular Ca2+ mobilization, Ca2' is transported out of the cell by the plasma membrane Ca2'-ATPase (67). This net efflux of Ca2+ occurs in the absence or presence of extracellular free Ca2+ (14, 86). Values reported for the amount of Ca2' efflux vary from 0.2 to 0.6 nmol/mg cell dry wt, which is within the same range as the amount of IP3-induced Ca2+ release from permeabilized hepatocytes (50). The cytosolic free Ca2" in intact hepatocytes increases by -0.5 PM and, assuming a cytosolic water volume of 2 Pllmg dry wt (106) and a ratio of free-to-bound Ca2+ in the cytosol of 10B3 (49), this corresponds to an increase of the cytosolic total calcium pool of 0.25 nmol/mg cell dry wt. A somewhat higher value of 0.46 nmol/mg cell dry wt has been calculated by Berthon et al. (11) for the amount of Ca2+ mobilized by vasopressin in Quin 2-loaded hepatocytes after taking into &count Ca2+-bound to Quin 2. There is therefore a reasonably close correlation between the maximal amount of IPa-induced Ca2+ release from permeabilized hepatocytes, the amount of calcium required to increase the cytosolic free peak value after hormone treatment, and the Ca2+ subsequently pumped out of the cell.
Ca2+ to amount its of
The intracellular Ca2' mobilized by hormones appears in the cell incubation medium after a lag of 5-10 s (52). In contrast, intracellular Ca2+, after release by agents such as mitochondrial uncouplers and A23187 (added at sufficiently low concentrati .ons to prevent an increased permeability of the plasma membrane to C a2+ 1 t appears in the extracellular medium without a significant delay (29,52). This suggests that hormones exert an inhibitory effect on the plasma membrane Ca2+-extrusion mechanism. The active pumping of Ca" out of the liver cell is probably accomplished by a Ca2'-ATPase present in liver plasma membrane, and this enzyme has been shown to be inhibited by several Ca2+-mobilizing hormones (65, 83). The mechanism of this effect has not yet been elucidated. One possibility is that it results directly from the fall of the plasma membrane PIP2 content, since it has been shown that plasma membrane Ca2+-ATPases are activated by this phospholipid (16,78). An alternative possibility is that receptor occupancy changes the binding affinities of either an activator or inhibitor protein that has been reported to interact with the liver plasma membrane Ca2'-ATPase (67,68). The inhibitory protein has a relative molecular weight (MJ of 29,000 and in the presence of Mg2+ causes a reversible decrease of the maximal velocity of the Ca2+-ATPase activator complex (68). As discussed later, regulation of overall Ca2+-ATPase activity by protein kinase C-mediated phosphorylation is unlikely, and the fact that the hormonestimulated increase of cytosolic free Ca2+ precedes efflux of Ca2+ from the cell argues against a Ca2+-dependent protein phosphorylation regulation. The time at which the net loss of cellular Ca2' begins to occur coincides approximately with the time taken to reach the peak of the increase in cytosolic Ca2+. Presumably, increase of flux through the Ca2'-ATPase occurs in response to an increased cytosolic free Ca" despite an inhibition of enzyme activity. In this regard a mechanism for inhibition of the Ca2'-ATPase involving an increase of the apparent Michaelis-Menten constant (Km) for Ca2' rather than a decrease of the maximal velocity of the enzyme reaction ( Vmax) would appear more likely. One peculiarity of the properties of the Ca2'-ATPase of liver plasma membrane is its reported very low K, for Ca2+ (5-20 nM) at pH 8. Without such an inhibition of plasma membrane Ca2+ transport, the relatively small amount of Ca2+ mobilized from the intracellular store by hormones would be rapidly lost from the cell.
Several lines of evidence support the concept that in addition to Ca2' release from the intracellular Ca" store and inhibition of the plasma membrane Ca2+ efflux system, there is a hormone-induced increase in the permeability of the plasma membrane to Ca2+. In the absence of extracellular Ca2' the hormone response is terminated within 3 min, during which time the cytosolic free Ca2+ returns to its control level. In the presence of physiological extracellular Ca2+ concentrations, the increase of cytosolic free Ca2+ induced by vasopressin or al-agonists is much more prolonged, suggesting that an increased rate of Ca*' entry into the cell may be responsible for the maintenance of the higher intracellular free Ca2'. Figure 6 shows one type of experiment directed toward examining this phenomenon.
Truce a shows that in the presence of physiological extracellular Ca2+, the vasopressin-induced increase of cytosolic free Ca2+ in isolated hepatocytes decays much more slowly toward the resting level than when the extracellular Ca*+ concentration is low (trace b). However, when Ca2+ is restored to the medium, the cytosolic free Ca2' increases rapidly to a peak level, which is far greater (trace b) than obtained when Ca*+ is added to unstimulated cells (trace c). Similar results have also been obtained using phosphorylase as an indicator of cytosolic free Ca*+ changes (29, 33). Additional experiments with better resolved kinetics of the increase of cytosolic free Ca2+ after Ca2' addition to the cells show that the rate of rise of the cytosolic free Ca2+ is enhanced in the hepatocytes after vasopressin pretreatment, indicating an increased permeability of the plasma membrane to Ca2' rather than a decreased rate of Ca2' sequestration by the intracellular organelles. Further evidence for a hormone-induced activation of Ca*' influx from the extracellular medium comes from measurements of the rate of 45Ca2+ uptake using flowthrough perfused rat livers (86, 87) or isolated hepatocytes (69, 102). Enhanced influx of 45Ca2+ into the liver cells occurs within 30 s of vasopressin addition, and also with al-adrenergic agents and angiotensin II, with a maximal twofold stimulation being observed at physiological extracellular Ca*+ concentrations (69). The time course for the hormone-induced activation of plasma membrane Ca2' influx has also been measured using hepatocytes depleted of calcium to such an extent that addition of vasopressin in the absence of extracellular Ca2' failed to cause an increase of phosphorylase a activity (Fig. 7A) . In Figure 7B, It is also evident that the increased permeability of the plasma membrane to Ca2+ persists during receptor occupancy, despite a net loss of calcium from the liver (Fig.  7 and Ref. 87) . Furthermore, the net calcium that is lost 1 min, with a significant effect being observed within 15 tosolic free Ca2+ lated cells. These authors found that addition of the concentrations observed in nonstimupolyamine spermine to isolated mitochondria or permeabilized hepatocytes decreased the free Ca2+ concentration for mitochondrial Ca2+ cycling to the physiological level from the cell during the early phase of hormone stimuof -0.2 PM. This effect was caused both by an increase lation is quantitatively regained only when the hormone in the activity of the Ca2+ uniporter at Ca2' concentrais displaced from the receptor (86). The transport system tions below 4 PM and by a decrease of the apparent K, responsible for the net entry of Ca2+ observed under for Ca2' efflux. With isolated mitochondria, half-maxithese circumstances and the mechanism underlying the ma1 effects of spermine were obtained at concentrations change of plasma membrane permeability promoted by below 0.2 mM, which may be compared with a total the hormone are presently unknown. A Na+-Ca2' exhepatic spermine content of 1 pmol/g wet wt. The conchange has been reported in isolated rat liver plasma centration of free spermine in the cytosol is presently membrane vesicles (61). Although there is no evidence at present that IP3 itself affects the Ca2+ permeability of unknown, but it seems reasonable to suggest that loss of this diffusible metabolite from the saponin-permeabilplasma membrane vesicles (50), it remains a possibility ized cells may account for the similar behavior of the that another component of inositol lipid metabolism, mitochondria in this system, with regard to Ca2+ cycling, such as PA, may account for the sustained hormoneas that previously observed with isolated liver mitochoninduced increase of Ca2+ influx (79). dria (74). If, in fact, mitochondria in the intact hepatocyte contribute significantly to regulation and buffering of the cytosolic free Ca2+, with the rate of Ca2+ efflux operating below its Vmax, it would be expected that they should The possible role of the mitochondria in liver calcium respond to the hormone-induced increase of the cytosolic homeostasis has been a subject of continuing controfree Ca2+ with an increased Ca2' uptake. This has been versy. As previously mentioned, a number of investigadifficult to prove by direct measurements of the mitotors have observed a depletion of the mitochondrial chondrial Ca2+ content, even by rapid cell disruption calcium pool after hormone addition to isolated hepatotechniques (72,97), but an increase of the mitochondrial cytes or perfused rat livers (13, 52, 72). However, the matrix free Ca2+ after vasopressin addition to perfused Mitochondrial Calcium Exchange During Hormonal Stimulation techniques used are subject to a variety of experimental artifacts, and the balance of current evidence discussed above is against mitochondria being a source for the hormone-releasable intracellular Ca2'. Nevertheless, the question remains whether mitochondria respond to the elevated cytosolic free Ca2+ concentration during hormonal stimulation.
The properties of the electrophoretic mitochondrial Ca2" uniporter for Ca2+ uptake and the electroneutral Ca2+ efflux pathways, together with the concept of Ca2+ cycling across the mitochondrial membrane in the regulation of the cytosolic free Ca2+, have been extensively reviewed (3,2l, 49,75,85,109).
Despite a great deal of work in the area, some basic aspects of the role of mitochondria in cellular Ca2+ homeostasis have remained unresolved.
These relate to the amount of Ca2+ in the mitochondria of normal hepatocytes and whether significant Ca2' cycling across the mitochondrial membrane occurs at the resting cytosolic free Ca2' concentration of 0.2 FM. Thus, while studies on the Ca2+ Ca2+ influx of Ca2+ is stimulated, and the rise of the cytosolic free Ca2+ is more sustained (Fig. 6A vs. Fig. 6B ). Possibly, in addition the rate of Ca*' efflux from the cell is decreased at high extracellular Ca2+ as a consequence of the higher Ca"' gradient against which the plasma membrane 2-t CaATPase has to work. In any event, the cytosolic free Ca2+ declines over a peri .od of -5 min to values only slightly higher than the #control, despite maintenance of the functional response (in this case a high and prolonged increase of phosphorylase a and glucose production), a phenomenon that may be general to a number of different cell types, as discussed by Rasmussen (85) . This effect may be caused by the prolonged changes in the state of ph osphorylation of a variety of phosphorylated proteins as a result of an altered balance between the activities of the various protein kinases and phosphatases. Presumably, the kinetics of the fall of the cytosolic free Ca"+ after the initial peak reflects the balance of Ca2+ influx and efflux across the plasma, endoplasmic reticular, and mitochondrial membranes, with a small and relatively slow increase of the mitochondrial Ca" content.
Significance of Protein Kinase C in Signal Transduction
As previously mentioned, breakdown of PIP2 is associated with the production of diacylglycerol as well as IP3. Because diacylglycerol is water insoluble and is produced mainly in the plasma membrane, it is probably retained in the lipid bilayer before being metabolized to PA by diglyceride kinase or, in some tissues (notably platelets) to I-acylglycerol and arachidonic acid by diglyceride lipase. The discovery by Nishizuka (76, 77) of a diacylglycerol -activated Ca2'-and phospholipid-dependent protein kinase (protein kinase C) suggests that diacylglycerol itself may play a role in signal transduction for a variety of hormones and biologically active agents that activate phosphatidylinositol metabolism.
The effect of diacylglycerol is to increase the apparent affinity of protein kinase C for Ca2+, such that the enzyme can be fully activated with no change in Ca2' levels (57). Protein kinase C shows widespread distribution (63), with amounts in liver being intermediate between the high levels found in brain and spleen and the relatively low levels in heart. The enzyme consists of a single polypeptide chain (M, = 77,000) composed of both a hydrophobic domain, which may bind to membranes, and a hydrophilic domain containing the active site (54). As with many other kinases the enzyme in liver is recovered predominantly from the cytosolic fraction after tissue disruption (54). However, it is presently unclear whether such a situation prevails in the intact cell, since the apparent necessity for phosphatidylserine in addition to diacylglycerol would seem to require a close membrane association for activation to occur, Tumor-promoting phorbol esters, such as 4&phorbol-12-myristate-13-acetate (PMA), which have been shown to replace the requirement for diacylglycerol, activate protein kinase C directly (22) and have proved to be useful tools in probing the actions of protein kinase C in the intact cell. Studies in platelets employing PMA together with Ca2+ ionophores (A23187 or ionomycin) have indicated that under appropriate conditions protein kinase C and Ca2+ mobilization may act synergistically to elicit the full physiological platelet response (53, 89). A similar synergism has recently been reported for insulin secretion from rat pancreatic islets (111) as well as for a number of other secretory systems (8, 76, 85). Evidence has been presented suggesting that such effects may reflect the ability of protein kinase C to increase the sensitivity of the secretory response to Ca2+ (58, 59). A recent report by Fain and co-workers (39), contending that diacylglycerol and Ca2+ act synergistically to increase phosphorylase activity in hepatocytes, has not been supported by studies from other laboratories. Addition of PMA to hepatocytes had no effect on either cytosolic free Ca2+, phosphorylase activity, or plasma membrane Ca2+ permeability (29,41), and there were no synergistic effects between PMA and submaximal concentrations of ionomycin on the cytosolic free Ca2' changes or phosphorylase activity (29). However, pretreatment of hepatocytes for 2 min with PMA, or loleoyl-2-acetyl glycerol, markedly inhibited the effects of phenylephrine on intracellular Ca2+ mobilization in a concentration-dependent manner, while having very little effect on those of vasopressin (29). These data suggest that protein kinase C may be involved in "down-regulation" or "desensitization" of the al-receptor in hepatocytes and thus, in contrast to the situation prevailing in secretory tissues, exerts a negative influence on the Ca2+-signaling pathway.
Evidence that the protein kinase C signal transduction pathway is indeed operative in hepatocytes has been provided by Garrison and co-workers (41), who showed that PMA increased the phosphorylation state of 3 of the 10 cytosolic substrates affected by vasopressin or angiotensin II, while A23187 addition mimicked the effect of the Ca2+-linked hormones on the phosphorylation of the other 7 substrates. These findings imply that hormones such as vasopressin generate two intracellular messengers, diacylglycerol and Ca2+, which exert their physiological effects through activation of their respective protein kinases. These findings have been confirmed and extended by Cooper and Williamson (unpublished observations), who showed by two-dimensional sodium dodecylsulfate-polyacrylamide gel electrophoresis of proteins extracted from 32P-labeled cells that PMA, in addition to causing phosphorylation of the three proteins (Mr values of 68,000; 52,000; and 36,000) noted by Garrison and co-workers (4l), also phosphorylated two 16,000-1M, proteins with isoelectric pH (PI) values of 5.80 and 6.40 (Table 1) . In response to vasopressin (10 nM) a total of.12 proteins showed increased 32P incorporation, 5 of which were the same as those phosphorylated after PMA addition, whereas the other 7 proteins were phosphorylated through Ca2+ -dependent protein kinases, that are substrates for protein kinase C. In this regard a 16,OOO-Mr protein present in a purified rat liver plasma membrane fraction and also in cytosol has been shown to be phosphorylated by endogenous protein kinase C (30). It is therefore possible that the 16,000-M, proteins phosphorylated in the intact cell by addition of PMA could be peripheral membrane proteins. Although their significance is presently unknown, it is noteworthy that phosphorylation of a 16,000-Mr protein in brain has been reported to affect the binding of [3H]y-aminobutyric acid to its receptor (llO), and it could be speculated that in liver phosphorylation of such a regulatory protein could underlie the inhibitory effect of PMA on al-agonist interaction with the receptor (29). An effect at the level of the al-receptor itself, through protein kinase C-mediated phosphorylation, remains an alternative possibility. based on the ability of a Ca2+ ionophore (ionomycin) to
The possible identities and functions of the other effect similar changes as shown in Table 1 . For the most protein kinase C substrates in hepatocytes may be made part the identities of the proteins undergoing phospho-by extrapolation from in vitro studies with purified prorylation by the Ca2+ -dependent process are presently teins that undergo phosphorylation by protein kinase C. unknown. Garrison and Wagner (42) identified phospho-Protein kinase C purified from rat brain undergoes autorylase a, pyruvate kinase, and phenylalanine 4-hydroxphosphorylation on activation (54), and the molecular ylase (M, values of 93,000, 61,000, and 52,000, respec-weight and p1 values show marked similarity with the tively) as undergoing increased phosphorylation in re-protein of Mr of 68,000 and p1 5.80 (Table I) Table 1 ) and 43,000 (Table 1 ) may rylate the P-subunit (Mr = 48,000-52,000) of initiation reflect the activity of Ca2+ -stimulated phosphatases in factor 2 (eIF-2) from rabbit reticulocytes (92). In addiliver, analogous to muscle (100). A recent report that IP3 tion, PMA stimulates the phosphorylation of ribosomal stimulates a Ca2+ -independent phosphorylation of a protein S6 (Mr = 32,000) in a hepatoma cell line (108), 62,000-M, protein in cell lysates of cultured fibroblasts and bovine brain (108a) is of great interest because it and in vitro phosphorylation of ribosomal S6 by protein kinase C has also been demonstrated (64). The involveraises the possibility of a direct regulation of protein ment of the 405 ribosomal subunit and initiation factors kinase activity by IP3 as well as indirectly through Ca2' in protein synthesis suggests that protein kinase C could mobilization.
play a regulatory role in this process (107). It has recently An important point arising from the data presented in . been reported that PMA causes inactivation of glycogen Table 1 is that, in contrast to the effects of vasopressin, synthase in hepatocytes (90). Further studies (2) showed phenylephrine at a concentration of 10 PM, which appears to be maximal for activation of phosphorylase, that protein kinase C also increased the phosphorylation of glycogen synthase isolated from liver or muscle, with produced the same Ca2+ -dependent phosphorylations a decrease in the -glucose-6-phosphate/+glucose-elicited by vasopressin but phosphorylated only one of 6-phosphate activity ratio. However, because liver glythe protein kinase C substrates (A4r 16,000; ~16.40). The cogen synthase, like the muscle enzyme, is phosphorylsimplest interpretation of these data is that phenylephated by seven different protein kinases (20), the signifirine and vasopressin differ in their degree of protein cance of the protein kinase C phosphorylation in relation kinase C activation, possibly reflecting a slower rate of production of diacylglycerol by al-agonist-receptor interaction relative to that produced by vasopressin and in to the effects of vasopressin and phenylephrine on overall glycogen synthase activity must be regarded as questionable, particularly in view of the apparent differences in accordance with the slower breakdown of PIP2 with althe degree of protein kinase C activation elicited by the adrenergic stimulation. The phosphorylation of the two hormones (cf. Because there appears to be no obligatory involvement of protein kinase C in the regulation of hepatocyte Ca2+ fluxes, the conclusion may be drawn that receptor-mediated membrane polyphosphoinositide breakdown may operate as a bimodal signal-transducing system, with the inositol trisphosphate acting as a "Ca2" mobilizing signal" and the diacylglycerol, produced concomitantly, serving to activate protein kinase C. The similarities between phenylephrine and vasopressin with regard to Ca*' mobilization, and their differences with regard to
